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Surface stress, also known as surface tension, is a fundamental material property of any interface.
However, measurements of solid surface stress in traditional engineering materials, such as metals
and oxides, have proven to be very challenging. Consequently, our understanding relies heavily
on untested theories, especially regarding the strain dependence of this property. Here, we take
advantage of the high compliance and large elastic deformability of a soft polymer gel to directly
measure solid surface stress as a function of strain. As anticipated by theoretical work for metals,
we find that the surface stress depends on the strain via a surface modulus. Remarkably, the surface
modulus of our soft gels is many times larger than the zero-strain surface tension. This suggests
that surfaces stresses can play a dominant role in solid mechanics at much larger length scales than
previously anticipated.
All material surfaces are characterised by a surface en-
ergy and a surface stress. The difference between these
material properties is important: the surface energy, γ,
is a scalar equal to the minimum work per unit area to
cut a solid, while the surface stress, Υij , is a tensor that
describes the in-plane force per unit length required to
stretch a surface. In simple liquids, the surface stress and
surface energy have the same magnitude (Υij = γδij)
and are independent of any deformation. In solids, both
quantities are expected to be strain-dependent. They are
related through the Shuttleworth equation [1],
Υij = γδij +
∂γ
∂sij
, (1)
where δij is the identity tensor and 
s
ij is the surface
strain. For nearly sixty years, Equation 1 has served as
the foundation for a well-established body of theory and
computation including rigorous analyses of how surface
stress can be incorporated into physical models [2, 3],
predictions for Υij(
s
ij) in a variety of materials [4–6],
and an extensive literature anticipating the role of strain-
dependent surface stresses across various phenomena in
nanostructures and nanocomposites [7–12]. Apart from
some indications that Υij 6= γδij (e.g. [13, 14]), there is
sparse direct experimental evidence to support these the-
ories. In particular, we are unaware of any experiments
that have been able to measure strain-dependent surface
stresses in a solid material [15].
Here, we directly measure surface stress as a function
of strain in a compliant polymer gel. In such materials,
surface stresses can be important at the micron-scale and
can be directly measured from the structure of a three-
phase contact line using a light microscope [18]. In the
range of accessible strains (up to 25%), surface stresses
increase linearly. The effect is not subtle: surface stress
doubles with only 17% strain.
To clearly visualize the impact of strain-dependent sur-
face stress, we first image extreme deformations of a
soft solid. We bring rigid glass spheres with radii from
7.9 to 32.1 µm into adhesive contact with ∼300-µm-
thick, compliant, silicone gel substrates (Young’s mod-
ulus E = 5.6 kPa), and quasi-statically retract them, as
shown schematically in Fig. 1a-b. Below a critical dis-
placement, a solid, axisymmetric bridge of silicone stably
connects the spheres to the substrates, as shown in the
example optical micrographs of Fig. 1c-f.
As we pull on such an adhesive contact, the solid sili-
cone bridge between substrate and sphere takes on a re-
markable shape, resembling a liquid meniscus. This not
only differs from the predictions of classic linear elastic
theory [16, 17], shown as red lines at left in Fig. 1g, but
also from recent large-deformation simulations of Neo-
Hookean solids [19]. Alternatively, we test the corre-
spondence with a liquid meniscus by fitting the profiles
to surfaces of constant total curvature, shown as green
curves at right in Fig. 1g. The curves capture the shape
of the solid free surface near the contact line. In this
example, at first contact (Fig. 1c) the total curvature is
-0.29 µm−1. As the bead is retracted, the magnitude of
the curvature drops, decreasing to -0.01 µm−1 at the last
recorded stable position (Fig. 1f).
Why should the free surface assume a liquid-like shape
near the contact line? Recent theory and experiment, re-
viewed in [20], have found that surface stresses dominate
bulk elastic stresses at wavelengths smaller than a char-
acteristic elastocapillary length scale, Υ/E [20]. Thus,
we expect a capillary-dominated near field within this
distance of the three-phase contact line. The size of the
domain of constant curvature at initial contact in Fig.
1c is 5.1 µm, defined as the path length over which the
capillary solution fits the measured profile. Indeed, this
is comparable to the previously-measured elastocapillary
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2FIG. 1. A solid meniscus in soft adhesion. (a-b)
Schematic of the experiment at (a) initial contact and (b)
during quasi-static pull. (c-f) Raw snapshots of a 17.4-µm-
radius sphere adhered to an initially-flat, compliant (E = 5.6
kPa) silicone gel substrate as it is pulled quasi-statically from
(c) first contact to (f) the last measured stable position. (g)
Mapped deformation profiles (black points) corresponding to
(c-f), with predictions of classic elastic theory [16, 17] over-
laid at left (red lines), and best-fit constant total curvature
surfaces overlaid at right (green lines).
length Υ/E for this material, about 4 µm [21]. How-
ever, the size of the constant curvature domain does not
remain constant with deformation. Rather, it increases
dramatically with sphere displacement, reaching 31.8 µm
at the last stable position in Fig. 1f.
The growth of this solid meniscus with increasing
strain suggests a proportional increase in the elastocap-
illary length, Υ/E. This can only be due to an increase
in the surface stress with tensile strain, as Young’s mod-
ulus is constant up to about 10% strain and then in-
creases slightly thereafter (see Supplementary Informa-
tion). This suggests a more than six-fold increase in Υ
during the deformation in Fig. 1. However, this ex-
perimental geometry is not well-suited to a quantitative
measurement of the relationship between surface stress
and strain. The strain in the solid meniscus is highly
inhomogeneous, and the size of the domain of constant
curvature depends on both the bulk and surface mechan-
ical properties.
Motivated by these observations, we designed wetting
experiments that allow us to measure directly the local
relationship between surface stress and strain. We mea-
sure the macroscopic and microscopic structure of the
contact line of glycerol droplets on soft silicone substrates
(E = 3.0 kPa) as we apply a uniform biaxial strain, ∞,
as shown schematically in Fig. 2a-c (see Supplementary
Information for details). While the macroscopic contact
angle for large droplets depends only on the surface en-
ergies (Fig. 2a) [23], the microscopic structure at the
contact line with such a soft substrate is governed by a
balance of surface stresses (Fig. 2c) [18, 24–26].
Macroscopic measurements on large droplets show no
change of the contact angle with applied strain; it always
re-equilibrates to its original value of θ = 90.8◦ following
a stretch (Fig. 2d-f). This demonstrates that there is
no significant contact-line hysteresis (see Supplementary
Information), and that the surface energies of the solid-
liquid and solid-vapor interfaces are nearly identical.
The microscopic structure of the contact line, on the
other hand, reveals the surface stresses [18]. Within dis-
tances from the contact line smaller than Υ/E, each of
the three intersecting interfaces becomes straight and has
an orientation given by the mechanical balance of the sur-
face stresses, as shown in Fig. 2c. Importantly, this shape
is defined locally and is independent of the bulk elastic
properties of the material. We measure the profile of the
silicone substrate near the contact line using confocal mi-
croscopy, initially with zero applied strain. The substrate
forms a symmetric wetting ridge at the contact line, as
seen in Fig. 2g. With no applied strain, the ridge is
about 10 µm high and has an opening angle α = 91.2◦,
determined by fitting the region close to the contact line
as intersecting lines.
Knowing the shape of the substrate near the contact
line, we can measure the local surface stress by apply-
ing the force balance of Fig. 2c. Since the macroscopic
contact angle is nearly 90◦, we know that the liquid-air
interface divides the opening angle α nearly equally, and
the horizontal force balance reduces to ΥLG ≈ ΥGV = Υ
[27]. Balancing the surface stresses along the vertical axis
further requires that Υ = ΥLV /(2 cos(α/2)) where ΥLV
is the liquid-vapor surface tension, which we measured
to be 41± 1 mN/m for glycerol droplets in contact with
the silicone substrate (see Supplementary Information).
The result is a measured solid surface stress of Υ = 29
mN/m, about 50% larger than the surface tension of sil-
icone liquids and consistent with our previous measure-
ments using a similar experimental geometry [18].
In marked contrast to the macroscopic measurements,
the microscopic contact line geometry changes signifi-
cantly when we stretch the substrate. The contact line
geometry for the same droplet at different values of ap-
plied biaxial strain, ∞, is shown in Fig. 2g. To ensure
that the contact line has reached equilibrium, we wait
at least 40 minutes after applying each strain. As the
3FIG. 2. Macroscopic contact angle and microscopic wetting profiles. (a) Schematic of the strain-dependent wetting
experiments, using a biaxial stretcher as described in Ref. [22]. (b) Detail of the contact line geometry at intermediate scales
(c) Detail of the contact line at microscopic scales, much less than Υ/E. At this scale, the geometry of the contact line is given
by a vector balance of the surface stresses as shown. (d) & (e) Macroscopic wetting profiles of large glycerol droplets sitting
on unstretched and stretched (∞ = 0.09) silicone gels. (f) Superimposed boundaries for the drops on the stretched (blue) and
unstretched (red) substrates show no difference in the macroscopic contact line geometry. (g) Microscopic wetting profiles for
a single droplet on unstretched (red), 9% stretched (blue), and 18% stretched (pink) silicone gel substrates, respectively. (h)
Local strain near the contact point, , plotted against the applied strain, ∞. Dashed line has a slope of 1. (i) The opening
angle of the wetting ridge, α, increases with the local strain, . In (H) and (I), the error bars are standard deviations of the
population.
applied strain increases from 0 to 18%, the ridge height
decreases by a factor of three and the opening angle in-
creases to α = 126.3◦. This change in the opening an-
gle indicates that the surface stress has increased to 44
mN/m, an approximately 50% increase from the value at
∞ = 0.
It is important to note that the strain at the con-
tact line is a combination of the macroscopically-applied
strain, ∞, and the localised deformation that produces
the wetting ridge. To meaningfully interpret the change
in surface stress with applied strain, we measured the
strain at the contact line, , as a function of the applied
strain, ∞ (as described in the Supplementary Informa-
tion). Even when the applied strain is zero (∞ = 0),
the substrate is stretched in the wetting ridge with a lo-
cal value of  = 8% at the contact line. With increasing
stretch, the wetting ridge flattens out and  converges
toward ∞, as shown in Fig. 2h.
Armed with the ability to extract local measures of
both the surface stress and surface strain, we measured
the wetting ridge profiles of 35 droplets having radii
from 12 to 220 µm at seven different externally-applied
strains from 0 to 23%. As expected, the capillary-
dominated structure near the contact line was identical
for all droplets under the same strain conditions, even
though the far-field profiles were elasticity-dominated
and depended on the droplet size (Supplementary Fig.
5). We plot the measured opening angle, α, versus strain,
, for all experiments in Fig. 2i. As shown in Supplemen-
tary Fig. 5, the size of the capillary-dominated domain
increases with applied strain, mirroring our observations
from the adhesion experiment in Fig. 1g.
Applying the force balance of Fig. 2c to the data in
Fig. 2i, we calculate the strain dependence of the solid
surface stress, shown in Fig. 3. Over the range of mea-
sured strains, up to about 25%, we find that the surface
stress increases linearly with strain. Fitting these data
to the form Υ = Υ0 +Λ, we find Υ0 = 19±3 mN/m and
Λ = 126±6 mN/m. The fitted value of the surface stress
at zero strain, Υ0, is quite close to the surface tension of
the gel’s liquid silicone precursor, which we measured to
be 21 mN/m (see Supplementary Information).
The surface modulus, Λ, is a material property of the
solid silicone gel surface. Surface moduli are predicted
to play an important role in the nanoscale mechanics of
metallic surfaces, but have never been measured directly
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FIG. 3. Strain dependence of solid surface stress, Υ.
The points indicate the average surface stress and average
local strain for droplets on the same substrate. The error
bars are the standard deviation of the population. The dashed
line is a linear fit, providing the surface modulus, Λ = 126±6
mN/m, and zero-strain surface stress, Υ0 = 19± 3 mN/m.
[10, 11, 28]. As with bulk elasticity, elastic surfaces can
be characterised by two surface moduli that represent
the response of the surface to shear or biaxial stretch:
the surface equivalents of shear and bulk moduli [20]. In
our experiments, the strain is nearly isotropic, so Λ is
nearly equal to the latter.
The strain dependence of the surface stress is remark-
ably strong, with Λ  Υ0. Consequently, the surface
stress increases 2.5× with 25% strain. This dramatic
effect emphasizes just how important strain-dependent
solid surface stress is to a complete description of the
mechanics of compliant materials. It may also resolve
mystery in the reported values of the surface stress of soft
silicones, which have thus far varied from 19 to 70 mN/m,
since each measurement has involved a different specific
experimental geometry and thus different strain states
(see summary in Supplementary Information) [21, 24, 29–
32].
Decades of theoretical work have been based on the ex-
pectation that strain-dependent solid surface stress is a
universal feature of all solids, but direct measurements in
conventional stiff materials have proven extremely chal-
lenging. Soft solids, with their high compliance and abil-
ity to sustain large-strain elastic deformation, provide
unique experimental model systems that make accessi-
ble direct measurements of this fundamental material
property. Moving forward, we anticipate a rich interplay
between experiments and theory for a broad range of
solid materials. For example, experimental studies prob-
ing elastocapillary mechanics in micro-structured poly-
mer gels and elastomers [30, 31, 33–35] could inform our
understanding and design of nano-structured metals and
semiconductors [11, 12, 36].
Numerous applications already rely on compliant
solids, from adhesives to soft robotics to medical implants
[37–41]. Our results have immediate consequences for
elastocapillary phenomena in these materials [29, 35, 42–
47]. Thanks to the strong strain dependence of the sur-
face stress, the elastocapillary length scale can be tuned
and significantly extended through careful control of the
stress state. This suggests an exciting new design space
where adhesion and wetting properties of a soft material
could be modulated with mechanical stimuli. To fully
realize these ideas, a fundamental investigation of the
structure-property relationships that determine the sur-
face modulus in polymeric materials is required. We ex-
pect that much can be learned from comparison to com-
plex fluid-fluid interfaces, where a sophisticated under-
standing is emerging of the structure-property relation-
ships that underlie surface rheology [48, 49].
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